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Abstract
The Stone Line at SPX Hydraulic Technologies in Rockford assembles hydraulic pumps which
are used in a variety of industries. Due to high variation in the build process, the assembly is not
standardized. To compensate for this variation, the current layout of the Stone Line is made up of
five individual U-shaped cells. As a result of the layout and the batch assembly of products,
inconsistencies in cycle times and throughput have been observed. SPX has proposed converting
the five work cells into two linear assembly lines. The two lines will be divided into a high
volume line, consisting of 80% of demand, and a low volume line, consisting of 20% of demand
and the more difficult builds. The objective of this project is to evaluate the feasibility of
constructing a more efficient linear assembly line. Product families will be established by
grouping together products that have similar components and build processes. Using lean
techniques, the high volume line will be broken down in to individual work stations in an effort
to balance the work load of all stations. Each station will be equipped with only the tools and
parts that are necessary for the specific work content to ensure operators do not waste time.
Work instructions will be developed to standardize the operations performed at each station.
Time studies will be conducted on a pilot line to establish line throughput and other performance
metrics. Our efforts will help SPX determine whether or not to proceed with the linear assembly
line.
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1. Introduction
vw /

SPX Hydraulic Technologies is a Fortune 500, multi-industry company whose headquarters are
located in Charlotte, North Carolina. The Rockford branch manufactures a wide variety of
models which are broken into three specific lines: Hytec, Power Team, and Stone. The models
assembled in Rockford are used in a variety of industries including: manufacturing, construction,
energy, and automotive.
SPX’s Hytec line produces high quality power sources, valves and clamping products. The
Power Team line produces a wide range of products, everything from inflatable jacks to torque
wrenches to hydraulic pumps. The models from the Power Team line can accommodate
requirements of over 30,000 psi. When the Florida Marlins needed to construct their new
stadium, they could not use a crane to assemble the roof because of high wind conditions. They
instead opted to use an SPX Power Team model to lift the roof piece by piece from the ground
up to complete the job.
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Stone models operate at much smaller psi specifications, with models ranging from 3,000 to
5,000 psi. The Stone line offers over 300 unique models that are primarily used to power the car
lifts in automotive shops and operate plows on snow trucks. SPX currently uses five work cells
to assemble their Stone models. Two of these cells specifically assemble AC models, two are
specific to DC models, and one cell can assemble both AC and DC models depending on
production demand. The five work cells are laid out identically regardless of whether the cell
assembles AC or DC models. Each of these U-shaped cells consists of four stations: assembly,
testing, trim, and packaging. The only discemable difference between AC and DC work cells is
the testing equipment used at each testing station.
The Assembly Station is responsible for all components of the build prior the testing. This
includes assembling the endhead, which is responsible for regulating the pressure of the unit,
then attaching the endhead to the motor, and finally attaching the pump to the endhead. After the
unit is assembled it is passed to the Test Station. The Test Station is where the pressure, voltage
and current of the unit are tested based on the tolerance provided on the blueprint. After passing
test, the unit moves to the Trim Station where it is wiped down and all post-test plumbing is
attached. The tank is also attached at this time. Once the unit is completely assembled, it is
moved to the Packaging Station. The unit is then strapped to a piece of cardboard or plywood
and placed in a cardboard box, ready to be shipped out to the customer. A picture of the current
work cell layout can be seen below in Figure 1.
Recently SPX management began touring manufacturing facilities hoping to learn new
techniques and industry standards. SPX realized that many of their current processes were
outdated and wasteful. Their goal is to update and upgrade their facility using Lean techniques
to become a benchmark in manufacturing processes.
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Figure 1: Current Work Cell Layout
2. P ro b le m S ta te m e n t
In 2012 the Stone assembly line at SPX Hydraulic Technologies produced over 48,000 units
comprised of over 300 unique models. The Stone line is made up of five work cells each
containing 1-2 operators. These five cells take up approximately 3,934 ft2 of floor space.
Operators currently build using batch production with batch sizes ranging from 4 to 8 depending
on what aspect of the build is being assembled. The majority of common small parts are kept on
the workbenches. This can cause operators to waste time searching for the appropriate part or
can lead to poor quality or defective parts in the case where the wrong part is used. Large parts
are presented to each work cell in their original packaging. During the assembly process
operators are responsible for removing all the cardboard and plastic that the motors and tanks are
delivered to the station in. This significantly reduces the amount of time that operators actually
spend assembling. Due to the high variation and inefficiencies in the build process the factory
has been consistently falling short of daily demand. With the current layout and build process
they are currently averaging 177 built units per day. The work content within the work cells is
not balanced or standardized. This lack of standardization leads to variation in the cycle time per
station because every operator has a unique method for assembling the units.
3. Scope
The project scope involves designing the new high volume Stone assembly line. The high
volume mixed model line will assemble the specific models that make up approximately 80% of
annual demand. Based on data from 2012, this line is comprised of 77 unique models which
were divided into 6 product families. The primary focus of this project is the Autohoist and
Dump Trailer Product Families, which when combined are comprised of 121 models which
make up approximately 69% of annual demand. The components involved with designing the
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new high volume line include assisting with line layout, parts presentation, and balancing the line
through the breakdown of work content per station.

4. Project Objectives
The primary objective is to design the new high volume mixed model Stone assembly line.
In order to do this assembly methods will change from their current batch production to one
piece flow. This will minimize the work in process that traditional batch production creates. In
the case of an improper assembly task performed, there is a significant reduction in rework time
by the operators to correct the error once detected downstream.
Condense the current U-shaped work cells into a linear line. This will reduce the necessary
amount of floor space required. With the separation of the work benches there will be an
increase in the ease of presenting large parts at each station as well as a reduction in the clutter of
the small parts currently present at each station. The new linear layout will minimize the amount
of travel done by operators.
Create a mixed model assembly line for high volume units. This means the line will be capable
of assembling both AC and DC units. In order to do this the first step is to determine which
pumps are included in the analysis and therefore are essentially run down the high volume line.
Using Pareto Analysis a list of models was compiled that make up the top 80% of demand based
on the annual sales data from 2012.
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Reach the goal of a 3 minute cycle time per station. This will require balanced work content at
each assembly station due to new linear layout. This balanced line will create constant workflow
and the ability to meet daily demand of 160 units.
Create high level standard work instructions. The instructions are based on the balanced work
content for each established product family. This will standardize the build process and clearly
identify the specific work breakdown for each assembly station.
Standardize the assembly process through the development of product families. Help with
grouping the 300 plus models that make up the Stone line to a manageable number of unique
clusters. High level work instructions can be created for these specified product families.

5. Timeline
The timeline for this project is broken down into a week-by-week schedule of tasks to
accomplish. There is a meeting with the SPX next generation assembly team every Wednesday
and therefore the defined week is from Thursday to Wednesday.
•

•

•

W

•

Week 1: January 17 - January 23
o Initial Orientation Meeting where we were presented with the problem and met
our supervisors. Safety Presentation and quiz. Signed HR non-disclosure forms.
Week 2: January 24 - January 30
o Observations made on the AC and DC lines. Crude Cycle Times were collected.
A spaghetti diagram was created based on AC-1.
Week 3: January 31 - February 6
o Analyzed 2012 Annual Demand and created a Pareto Chart indicating the 80/20
split. Identified Product Families for the top 80%.
Week 4: February 7 - February 13
5

•
•
•

•
•
•
•
•
•

•
•

o Found operation current state cycle times for both AC and DC models.
Week 5: February 14 - February 20
o Created a general layout design. Understood production limitations.
Week 6: February 21 - February 27
o Established Product Families.
Week 7: February 28 - March 6
o Tested the breakdown of work content per station and standard work for AB1270.
Week 8: March 7 - March 13
o Proved out standard work for Dump Trailer Product Family: DB-1631.
Week 9: March 14 - March 20
o Proved out standard work for Autohoist Product Family: AB-1270 and AB-9367.
Week 10: March 21 - March 27
o Started building Modular Operations List.
Week 11: March 28 - April 3
o Proved out standard work for Dump Trailer Product Family: DB-1441.
Week 12: April 4 - April 10
o Pulled up similar units based on their endhead and build process.
Week 13: April 11 - April 17
o Proved out standard work for Dump Trailer Product Family: DB-1644 and DB1693.
Week 14: April 18 - April 24
o Proved out standard work for Autohoist Product Family: AB-1606 and AB-9367.
Week 15: April 25 - May 1
o Final Report. Release Layout to Production.

6. Deliverables
•
•
•
•

A functional mixed model linear assembly line utilizing one piece flow.
A modular operations list that details the average cycle time for work elements
Standardized and balanced work content for the top two product families by volume.
Work instructions for each station in the future state Stone assembly line.

7. Assumptions
•
•
•
•
•

The demand data received from SPX for 2012 will be indicative of future demand for
their Stone line units.
All models in a product family or sub-product family, regardless of AC/DC specifications
and unique components, have a relatively similar cycle time.
Components can be generalized for the sake of reducing SKUs in the analysis.
SPX assumes that each assembly station has a 3 minute cycle time
SPX assumes that a linear line assembly with one piece flow will yield the best
throughput. This is something we have been tasked with verifying.

8. Current State Analysis
The first two weeks at the Rockford branch of SPX Hydraulic Technologies were spent on the
factory floor analyzing the current Stone manufacturing system. The current state analysis is
broken in to the following sections; Preliminary Cycle Time Analysis, Spaghetti Diagram, and
Pareto Analysis.

Current State Cycle Time Analysis
During the observations of the factory floor, preliminary cycle times were recorded for the AC
production cell. This was important in order to establish a benchmark for the station times. A
laptop with a Macro-Excel Spreadsheet was used to record the current time observed with the
press of a button. The spreadsheet would then calculate cycle time per station by taking the
difference between the times recorded. This simple yet effective tool yielded the results shown in
Table 1. Along with the spreadsheet, video recordings of the operators were taken in order to
obtain data that can be further broken down to the micro level.
Table 1: Preliminary Cycle Time Recordings
AB-1606
Average Cycle
Time (min:sec)
Standard
Deviation(min:sec)
Number of
Observations

Endhead
Assembly

Motor
Assembly

Testing

Trim

Packaging

Total

2:57

1:01

2:36

5:36

3:48

15:58

0:13

0:06

0:39

1:24

1:01

N/A

13

16

23

11

15

N/A

Even though this data is only for one AC model, the assumption that all models within a product
family have relatively similar assembly times allow the use of this data to understand what
stations in the process take the most time. This should lead to identifying bottlenecks or stations
with a lot of idle time.
Spaghetti Diagram
The spaghetti diagram will aid in determining how much waste can be attributed to
transportation and motion. Figure 2 shows the spaghetti diagram for an SPX Stone line work
cell in the current state.
In the Stone line’s current state, the two operators have to walk back and forth between each
work station. While the distance is not large due to the cell’s U-shape design, it is something
that SPX can reduce by changing to a linear assembly line with one operator per workstation.
The future state layout design could be changed to a linear line with a conveyor connecting each
station. This will result in a reduction in travel distances and increase operator utilization.
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Pareto Analysis
SPX intends to use the high volume assembly line to assemble the models that make up the top
80% of their annual demand. In order to determine the high volume models, Pareto Analysis
was performed on the 2012 sales data provided by SPX. An assumption was made that this sales
data is an accurate way of forecasting future demand, so whichever models have the highest
demand in 2012 are going to be the focus for analysis. Figure 3 shows the Pareto Analysis Chart
for the 2012 sales data for each Stone model.
The chart is made up of over 300 unique units that were sold in 2012. There are 77 high volume
models that made up 80% of Stone sales for 2012. These 77 models will be the focus of this
project.
Mixed Model Number of Workers Needed
The current Stone line operates with 5 distinct U-shaped work cells with 1-2 operators per cell.
The exact number of operators scheduled fluctuates depending on availability of operators and
the demand of the products. When running a mixed model assembly line, theoretical
optimization formulas exist that help with determining how many operators are minimally
required to run the line and meet the demand of the customer. The major variables in the
equation are the rate of production (Rpj) for each model, which can be determined by the annual
demand for that model and the available work time. The other major variable is total work
content time (Twcj ) required for that same model. Other factors that can affect the number of
operators required are the number of shifts, number of hours in the shift, and the efficiency of the
8

assembly line. Using the time study results from the pilot tests and 2012’s sales data for demand,
the theoretical minimum number of operators required to meet the demand for the Stone line was
found to be 6. In reality the future state line will operate with either 6 or 7 operators, depending
on the specific models being run at the time. The results from the calculations validate the design
of the future line.
m inim um w orkers =

RpJTWCj
60 * E * Er * Eg

SDOO

100.0054

90.0054

80.0004

70.0004

60.0004

50.0004

70.0004

10X0004

0.0004

Figure 3: Pareto Analysis Chart for 2012 Sales Data

9. Product Families
The 77 models that make up 80% of annual demand were broken down into six product families.
These product families were established based on the similarities within the build process. With
the help of management it was determined that the endhead component of a model dictates the
build process. Certain unique endheads, however, do have similar builds and those were
grouped accordingly. The six product families are Autohoist, Dump Trailer, Snow Plows, Boat
Lifts, Crimping and Dock Levelers. The percentage of annual demand that each are comprised
of is shown below in Figure 4.
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Product Family

■ Product Family

Percentage of 2012 Annual Demand

Figure 4: High Volume Product Families
Due to the time constraints on this project the focus was narrowed to only the top two product
families. These product families include Autohoist and Dump Trailer, which make up 45.5%
and 23.46%, respectively.
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Figure 5: High Volume Models Dendrogram
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Prior to determining the product families, the similarity for all high volume units was determined
using Minitab Clustering Observations. The similarity was determined based on the parts or
components used in the build process of each model. Due to the slight variation in part names,
the similarity within each product family was initially very low. Using the assumption that a
model is the same no matter what its unique name is; all same parts were combined under a
general name. The Minitab results are show above in Figure 5. The clustering algorithm was
run again and the similarity within the Autohoist product family was found to be 42.26% and
within the Dump Trailer product family the similarity was 37.64%. Due to the dissimilarities
within the product families, they were further divided into sub-product families. The Autohoist
product family has seven sub-product families and the Dump Trailer product family has eight
sub-product families. These sub-product families were formed with the advice of the floor
manager and further break down the families based specifically on endhead. Figure 6 shows the
revised clustering for the Autohoist product family. The Autohoist product family has
distinguished clusters that have 100% similarity in build process. Similar results were found for
the Dump Trailer product family. The similarity of the parts within a product family is not
indicative of the build process itself, simply on the parts used to build the model.

Autohoist Models Clustered by Unique Components

W

Observations

Figure 6: Autohoist Product Family Similarity Dendrogram

Preliminary Solution Approach
With the product families established and a basic understanding of the system acquired, it was
time to begin brainstorming solutions to what stations would exist on the future state linear
assembly line and how the work content would be balanced between the stations.
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Operator input was a logical starting point, because aside from the floor manager nobody knows
the system better than the operators. The operators explained the stations at each work cell and
how the work is currently divided in order to meet their expected throughput per hour.
The current state work cell has one assembly station, where all necessary operations are
performed on a unit in order for it to be ready to be tested. The build components of each unit
are currently being assembled in batch sizes between 4 and 8. The build process involves
building the endheads, doing any necessary wiring on a motor, attaching the pump and suction
cover to the endhead, and attaching the endhead to the motor. The unit is then moved from the
assembly station to the testing station by being slid along the bench. The test stand is only
capable of testing one unit at a time. The operator must connect valves and hoses to the unit
before testing, then turn on the test machine and check the current, voltage, and pressure ratings
against the schematic. After the unit passes testing, it is wiped off and moved to the trim station.
At this station, plumbing hoses, filters, and the tank are attached. The unit is wiped down to
ensure all the hydraulic fluid from the test stand is off and the unit looks clean and of high
quality when the customer receives it. The final station is packaging, which involves strapping
the finished unit to a piece of cardboard and placing it inside of a cardboard box. The box is run
through an automatic taping machine and placed on a pallet. When two operators are working
within a cell, typically one operator will build the unit and test it, and the other operator will do
the trim and packaging. From the preliminary data gathered, this is not an efficient way of
balancing the line because the building and testing stations have a combined average cycle time
of approximately 6 minutes and 34 seconds, whereas the trim and packaging station have a
combined average cycle time of approximately 9 minutes and 24 seconds.
Based on the work content and the precedence of certain components, a solution was proposed to
break the one assembly station in the current state into three future state stations: Endhead
Assembly, Motor Assembly, and Final Assembly. Each station will have one operator and will
build products using one-piece-flow. The Endhead Assembly station’s operator will be
responsible for attaching all the small parts, valves, handles and plugs to the endhead. The Motor
Assembly station’s operator will be responsible for all the wiring components on the motor and
attaching any necessary stickers. When the endheads and motors are finished they will move
downstream to Final Assembly. For AC models, Endhead Assembly and Motor Assembly can
run parallel to each other because there is no precedence restriction. For DC models, Motor
Assembly must flow downstream from Endhead Assembly because the motors are attached to
the endhead and then any wiring operations are completed. The Final Assembly station’s
operator is responsible for putting all the remaining components together. This typically involves
attaching the endhead to the motor, the pump to the endhead, and the suction cover to the pump.
After learning how to build a unit, the team had the opportunity to build 10 AB-1270s from the
Autohoist product family on the pilot line. This exercise was beneficial in two ways. The first
was it forced the team to get their hands dirty and really understand all the operations involved in
building a unit and the skill required to perform such operations quickly enough to hit target
times. The second benefit from running this preliminary pilot test was learning how to read a
blueprint for the models and understand what parts where assembled at what station along the
line. Although the cycle time data gathered from the preliminary pilot test will not be used to
support the solution to the problem, the experience was absolutely necessary to being able to
move forward on the right path in this project.

In order to prove the proposed solution is feasible and effective, pilot tests will be run for
different models from each product family. The process and results will be described in the next
sections.
10. P ilo t T esting
SPX has dedicated a Greenfield area within the factory for the development of the future high
volume line. Before management can make the decision on whether or not to implement the new
future state high volume assembly line, pilot tests will be conducted to simulate how the work
content will be broken down and whether or not the stations can meet the expected 3 minute
cycle time. Within the Greenfield, 3 sample work benches have been assembled and are used to
simulate the first workstations along the future state line; Endhead Assembly, Motor Assembly,
and Final Assembly. The benches have been fitted with air-pressure lines and electrical outlets
to power the tools necessary to build the pumps.

Figure 7: Greenfield Pilot Test Layout
The first step in running a pilot test is determining which model to run based on the Product
Family lists. The floor manager was consulted and was asked to compare the Product Family list
to the upcoming order schedule. If the floor manager finds a model on the list that is scheduled
to be assembled within the next couple of weeks a request is made to the production planning
office to have the order split and have the components for approximately 10 products picked and
sent over the pilot line.
In some pilot tests two orders were split and run back-to-back to simulate a changeover between
models. There are pros and cons to running back-to-back orders. When running two different
models, data for approximately 10 observations of each model is collected in a single pilot run.
Running two models also helps the team check models off from the Product Family list faster
with fewer pilot runs required. The only downside of conducting pilot runs is the amount of time
13

and prep-work required to run each pilot test. The prep time for each model has been roughly 2-3
hours excluding the time to pick the parts. The prep time accounts for the time the team spends
out on the pilot line preparing the workstations with the parts and tools needed to complete the
operations.
Parts Presentation

For every model run on the pilot line an inventory is taken of all the parts that are picked and
then parts are sorted by their respective stations. The picking team typically delivers a large box
on a pallet containing all necessary parts individually bagged and labeled. All small bags of
parts are sorted by station and set up in a pre-determined presentation method. This involves
filling and labeling medium-sized compartmentalized gray bins with the small parts. The gray
bins work well for presenting medium-sized parts because operators can easily grab them out of
the bins. The challenge with parts presentation is determining how to present the small parts such
as screws and nuts. The advantage of running these pilots is being able to test different methods
of presenting parts with varying success.
It was determined that the motors needed to be removed from the packaging that they are
currently delivered in. During the Pilot tests all motors were cleared of all plastic and cardboard
and were placed in standard gray bins on a gravity feed rack. This allows operators to easily
access one motor at a time. It also eliminated the amount of time that operators spend removing
the packaging and can focus their time to actually assembly the units. A picture of the motors
being presented to the assembly line can be seen below in Figure 8.

OA$(>7

Figure 8: Motor and Assembly Station Parts Presentation
During the first pilot line small parts were placed in a plastic tray that has multiple compartments
and a curved lip for easy removal of parts. The operators liked this method however the concern
is that the compartments are not large enough to hold parts for an order larger than 10 pumps.
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Future jobs will probably be split anywhere from 30-50 pumps depending on demand, so this
option is infeasible and should not be considered in the future state.
The next method used plastic dividers in gray bins to create various sized compartments. Each
bin was allocated to a workstation and filled with the necessary parts for that station. The
compartments were filled with respect to the size of the part. The operators did not like this style
of parts presentation because the smaller parts were difficult to grab from the bottom of the bin if
supply was low. An additional problem found with putting the small parts directly in the gray
bins was that parts slipped under the dividers into the wrong compartment. This caused the
operators to have to search and dig to find the part they needed which is a waste of time. As a
result of these problems this solution is not being considered for future state parts presentation.
The method found to have the most success was putting the small parts in small bins within the
medium-sized gray bins. If the station has a combination of small and medium-sized parts a
divider was used to create a compartment for the medium-sized part leaving room for the smaller
bins containing small parts. The advantage to this style of sorting is operators are free to pull the
small parts bins out of the gray bin and set up their workstation as they see fit. Additionally, the
small parts do not slide under the dividers so operators know exactly where to get the parts they
need and do not have to spend time searching. The team has been collaborating with the picking
team at SPX and the consensus seems to be that this will be the most efficient way of balancing
the picking aspect of the work and the lean presentation of parts to the workstation. A picture of
the compartmentalized bins placed within the standard gray bins can be seen below in Figure 9.

Figure 9: Small Parts Presentation
Work Instructions

Once the parts are sorted and properly binned, the next step was to determine the build steps in
the assembly process for that specific model. This aided in the creation of a list of all the
operations that need to be performed to build the pump. Once the list of operations has been
established, a time study data collection template was created which will be used during the pilot
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test. The operations are also used to create standard work instructions to which are presented to
the operators at each assembly station.
Pilot Line Trial
When the time comes to run the pilot test, management allocates 3 Stone Line operators to the
pilot line. These operators build the product from Endhead Assembly through Final Assembly on
the sample workbenches in the Greenfield. Once all the products have made it through the Final
Assembly station, the WIP is transported over to a current Stone Line work cell to be completed.
The established rules for the Pilot Trial are that each operator may build only one piece at time.
They can only begin to build the next part if there is no more than one finished piece waiting to
be assembled at the next station. Each operator can only assemble the components of the build
that are allocated to that work station. Those steps are explained in the created work instructions
presented at each station. Operators were told to work at a steady pace keeping in mind that their
pace would need to be maintained for an eight hour shift. The same operators are also tasked
with assembling the back half of the build processes. The reason for transferring from the pilot
line back to an existing work cell was because there is currently no test stand over on the pilot
line.
During the pilot tests there is a minimum of 1 observer per station that records cycle times per
operation and notes any downtime, defects, or possible improvement suggestions. The next
section will discuss the results from the conducted pilot test.

11. Pilot Test Cycle Time Results
The purpose of running the pilot tests is to gather data and demonstrate to SPX that the proposed
changes to the Stone Line will yield positive results. This section discusses the events from each
pilot test and explains the inconsistencies in the data.
Pilot Test #1
The first half of the pilot was run on March 11th, 2013. Ten units of DB-1631 were piloted,
which is a DC model from the Dump Trailer Product Family. Only the first half of the build
process was assembled due to time constraints. The second half of the build process was
completed on March 12th, 2013. Observations from this initial trial were that the work content
was well balanced between the workstations for the first three stations. No single station had a
long enough cycle time to constitute it being a bottle-neck. Table 2 shows the results from the
DB-1631 pilot test. Trim and Packaging Stations were both right around the target time, however
it is obvious that the Testing Station is the bottle-neck for this model. On average, testing the
DB-1631 took 5 minutes and 51 seconds. This is almost double the target time for the station. In
the future state to offset this high cycle time there will be two test stands with one operator per
stand. This will be a flexible operation that will only be used if required by the specific model.
Doing this will double the throughput and help to balance the line.

W
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Table 2: DB-1631 Pilot Line Results for the Dump Trailer Family
DB-1631 Pilot Results
(3/11/2013-3/12/2013)

Endhead
Motor
Final
Testing
Assembly Assembly Assembly

Trim

Packaging

Total

Average Cycle Time

02:29

02:17

02:35

05:51

02:19

03:05

18:36

Minimum Observed

02:00

01:58

02:02

04:32

01:34

02:09

14:15

Maximum Observed

03:52

03:01

03:18

08:49

03:40

04:36

27:16

Standard Deviation

00:34

00:18

00:21

01:21

00:46

00:38

N/A

9

10

10

10

10

10

N/A

Number of
Observations

Pilot Test #2
The second pilot test ran was a two-model order. Ten units of AB-1270 and 16 units of AB-9367
were run. Tables 3 and 4 show the results for this pilot test. Both of these products are from the
same Autohoist Product Family, and have the same endhead. Based on the assumption that all
the products within a Product Family have a relatively similar cycle time, the cycle times should
be the same. This is not the case, and the results from the pilot run support this.

V

The bottle neck found when assembling the AB-1270s was the motor assembly station due to the
large wiring assembly component. This operator needs to do all the typical motor wiring
associated with an AC model, along with two extra components that drastically increase the time
it takes to complete a motor. The first additional component is a cordset. In order to attach a
cordset, an operator must first punch out a hole on the side of the motor and run a cord grip
through the hole. This operation takes just over a minute. The operator must next feed the cordset
through the cord grip and connect a ground screw to the motor. To connect the wiring assembly
to the cordset involves crimping two additional wires, which increases the overall assembly time.
The second extra component the AB-1270 has is a limit switch. In order to connect the limit
switch a hole has to be punched in the side of the motor (similarly to when the cord grip is
connected) and then a mechanical switch is fed through the hole and tightened down with a
wrench. After the wiring assembly is complete, two wires from the wiring assembly need to be
crimped using special flag-shaped crimpers. The flag-shaped crimps are then connected to an
electronic switch that is connected to the mechanical limit switch. Attaching the limit switch
took on average over a minute. The entire wiring assembly, from start to finish, would have
taken the operator over 6 minutes to complete which would unbalance the line. To compensate
for this, work content was divided in such a manner that the endhead assembly operator would
punch out the holes in the motor and attach the cord grip in addition to building the endhead.
Connecting the limit switch to the wiring assembly was moved to the final assembly station.
During the Pilot Test the initial Motor Assembly took just over 6 minutes to complete. Seeing
the discrepancies in cycle times, a decision was made to move the limit switch and cover plate
attachment to Final Assembly. This relieved on average about 1 minute worth of work from the
Motor Assembly Station and increased the work at the Final Assembly Station on average by
about 30 seconds.
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After the pilot, a suggestion was made not to triple handle the motor and therefore have the
Endhead and Final Assembly stations complete only the work content usually associated with
their station. In order to accomplish this, an additional flex operator will be allocated at the
Motor Assembly Station. This will help alleviate the high cycle time of the Motor Assembly
station. Due to the fact that adjustments to the work content allocated at each station took place
during the pilot test, Table 3, found below, shows the average cycle times for the entire trial run
as well as die adjusted cycle times for the 6 pumps that were assembled using the adjusted work
content.
Table 3: AB-1270 Pilot Line Results for the Autohoist Family
AB-1270 Pilot
Results (3/20/2013)

Endhead
Assembly

Motor
Assembly

Final
Assembly

Average Cycle Time

03:06

03:19

03:06

01:41

Adjusted Average
Cycle Time

N/A

02:25

03:28

Minimum Observed

02:40

01:48

Maximum
Observed

03:23

Standard Deviation
Number of
Observations

Testing Trim

Packaging

Total

03:13

02:49

18:01

N/A

N/A

N/A

16:42

01:57

01:00

02:10

01:34

11:09

06:42

06:00

03:00

04:10

03:51

27:06

00:15

01:27

01:23

00:39

00:40

00:46

N/A

10

10

7

10

10

10

N/A

The pilot test for the AB-9367 showed that the assumption stating that all products within a
Product Family will have a similar cycle may need to be revised. Table 4 shows that the first four
stations are all 1-2 minutes quicker than the target time, however the Trim and Packaging station
still took about 3 minutes, which is about the same as the AB-1270. The AB-1270 took five and
a half minutes longer to complete on average per product. One suggestion to better balance the
line was to merge two of the pre-test stations together. The advantage to this suggestion would
be that it would free up an operator to work somewhere else in the factory and still be able to
produce the targeted number of pumps in the shift. The disadvantage to this suggestion is that it
would be more difficult to have the parts picked and brought to the correct location. This would
only be a minor set-back but it could cause a spike in set up time. Another suggestion was to
allocate a flex operator to help reduce the cycle time for the trim and packaging stations. Doing
this would decrease the total cycle time while keeping all stations balanced at around 2 minutes
per station. This would lead to better utilization and throughput numbers; however it would also
require an extra resource that could be used elsewhere in the system.
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Table 4: AB-9367 Pilot Line Results for the Autohoist Family
AB-9367 Pilot
Results (3/20/2013)

Endhead
Assembly

Motor
Assembly

Final
Assembly

Average Cycle Time

02:05

01:10

01:34

02:01

03:32

03:01

13:23

Minimum Observed

01:51

00:57

01:08

01:30

02:46

02:23

10:35

Maximum
Observed

02:33

01:45

01:50

03:30

04:46

04:01

18:25

Standard Deviation

00:10

00:11

00:14

00:38

00:36

00:26

N/A

16

16

7

8

14

16

N/A

Number of
Observations

Testing Trim Packaging

Total

Pilot Test #3
The third pilot test was a 20 piece order of DB-1441 from the Dump Trailer Product Family.
This run yielded some of the best results seen thus far from these pilot tests. Each station came
very close to the 3 minute target time and had a total cycle time 1 minute under the target total
cycle time. It was not a perfect simulation, however, because just like the AB-1270 pilot run,
work content was adjusted throughout the simulation in an attempt to balance the line. Table 5,
shown below shows the adjusted cycle times for this pilot test.
Table 5: DB-1441 Pilot Line Results for the Dump Trailer Family
DB-1441 Pilot
Results (4/1/2013)

Endhead
Assembly

Motor
Assembly

Average Cycle Time

02:52

02:36

02:53

03:32

Minimum Observed

02:24

02:04

01:50

Maximum Observed

03:50

03:23

Standard Deviation

00:26
9

Number of
Observations

Final
Testing Trim
Assembly

Packaging

Total

02:28

02:36

16:55

02:42

01:41

01:37

12:18

04:14

04:37

03:13

04:13

23:30

00:24

00:35

00:29

00:21

00:43

N/A

17

18

15

20

20

N/A

Pilot Tests #4 & 5
Pilot tests 4 and 5 were run on AC-1, which is the work cell in the current state that is capable of
running both AC and DC units. The line was retro-fitted with additional benches and tools to
simulate the layout of the future state line so that all 6 stations could be run at the same time
using 7 operators. Running the pilot tests on the current line yielded better results because the
system could be observed from start to finish. The greatest benefit to running the line with all
stations being simulated was being able to run more units in the same time period. Pilot tests 1
through 3 took anywhere from 2-3 hours, and only yielded 10-20 units. In pilot test number 5, 58
units were able to be run down the simulated high volume line and completed in just under 3
hours. This time was with a dry line, meaning all the downstream stations had to wait for work at
19
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the beginning of the simulation. Assuming 2.5 minutes per station, this means that it took
approximately 18 minutes to wet the line. This means that if this were a regularly scheduled
work day, it would actually take approximately 2 hours and 40 minutes to produce 58 units of
two different model types. Tables 6-9 show the results from each model that was run during pilot
tests 4 and 5.
Table 6: DB-1693 Pilot Line Results for the Dump Trailer Family
DB-1693 Pilot
Results (4/12/2013)

Endhead
Assembly

Motor
Assembly

Average Cycle Time

02:18

02:28

01:57

Minimum Observed

01:51

02:11

Maximum Observed

03:51

Standard Deviation
Number of
Observations

Final
Testing
Assembly

Trim

Packaging

Total

04:35

04:21

03:30

19:08

01:43

03:02

03:13

02:30

14:30

02:53

02:19

08:43

06:27

04:15

28:28

00:35

00:13

00:12

01:38

00:55

00:38

N/A

10

9

10

9

9

10

N/A

Trim

Packaging

Total

Table 7: DB-1644 Pilot Line Results for the Dump Trailer Family
DB-1644 Pilot
Results (4/12/2013)

Endhead
Assembly

Motor
Assembly

Average Cycle Time

02:48

02:59

01:30

03:40

02:59

02:50

16:46

Minimum Observed

02:06

02:25

01:19

03:18

01:58

02:11

13:17

Maximum Observed

04:53

03:27

01:41

04:57

05:30

03:35

24:03

Standard Deviation

00:47

00:20

00:09

00:30

00:58

00:30

N/A

10

10

9

10

10

10

N/A

Number of
Observations

Final
Testing
Assembly

W
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Table 8: AB-1606 Pilot Line Results for the Dump Trailer Family
AB-1606
Endhead
Pilot Results
Assembly
(4/26/2013)
Average
02:01
Cycle Time
Minimum
01:40
Observed
Maximum
02:36
Observed
Standard
00:18
Deviation
Number of
10
Observations

Motor
Assembly

Final
Assembly

Testing

Trim

Trim 2

02:00

02:23

01:14

02:36

03:04

03:19

16:36

01:33

02:15

01:00

02:05

02:24

02:20

13:17

02:25

02:40

01:29

03:46

04:16

05:37

22:49

00:20

00:09

00:09

00:30

00:33

00:57

N/A

6

6

10

10

10

10

N/A

Packaging Total

Table 9: AB-9367 Pilot Line Results for the Dump Trailer Family
AB-9367
Endhead
Pilot Results
Assembly
(4/26/2013)
Average
01:44
Cycle Time
Minimum
01:39
Observed
Maximum
01:56
Observed
Standard
00:05
Deviation
Number of
15
Observations

Motor
Assembly

Final
Assembly

Testing

Trim

Trim 2

02:16

02:35

01:41

01:59

02:03

01:42

14:00

01:59

02:10

01:12

01:43

00:49

01:11

10:43

02:40

02:53

02:28

02:25

02:46

02:07

17:15

00:10

00:14

00:26

00:14

00:34

00:17

N/A

13

10

15

9

15

14

N/A

Packaging Total

12. Solutions
Line Balancing
The results from the time studies conducted during the pilot tests were very unbalanced. Figure
10, shown below, is a bar chart with each station and model’s respective average cycle times. In
order for the high volume linear assembly line to flow smoothly, every station needs to be
approximately the same cycle time. If spikes occur, that means work content needs to be
changed. There are two methods used to balance the work content between the stations. The first
method, which was implemented for the test stand, was to implement a flexible operator that can
run the second test stand if the cycle time was long, as was the case with the Dump Trailer
product family. That same operator could be used to aid in the Motor Assembly for some of the
Autohoist models that have complex wiring assemblies. The operator will be available upstream
at the motor station because the test stand for the Autohoist product family is less than 2 minutes
consistently.
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Figure 10: Time Study Results
The second method used to line balance was the creation of a modular operations list. This list
was a systemic approach to line balancing that stores information on elemental cycle times.
Knowing the work elements, and how long they take, at each station allowed the identification of
what work elements can be shifted upstream or downstream. The only concern with this method
was whether or not materials would be double handled, and whether or not certain elements
could be performed before other elements. Figure 11 shows this operation list for the Dump
Trailer model that was identified to have a bottleneck at the Trim Station. This list was used to
balance the work content for the DB-1693 model. Originally, the Trim station took 4 minutes
and 21 seconds. Attaching a cordset at the Trim station was found to be the cause of the
increased cycle time, and was moved upstream to the Final Assembly station because on average
this station took under 2 minutes. The resulting balanced work, shown below in Figure 12. The
original results from the pilot tests resulted in a total line efficiency of 67%. Moving the work
content around and introducing the flexible operator improved the efficiency to 76%.
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Figure 11: Modular Operations
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Figure 12: Balanced Bar Chart
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Lekin Software
When designing a mixed model assembly line, special attention must be given to the scheduling
of jobs. Certain jobs may require additional equipment to be set up, which is a non-value added
process. Job scheduling heuristics can be used to minimize or eliminate the non-value added time
resulting from change-over or setup. Scheduling jobs by hand is tedious and can disrupt the flow
production if not calculated correctly. Using Lekin software, jobs can be scheduled such that
similar jobs are run back-to-back. This will result in an easier transition for the operators from
job to job, and it will also reduce the setup time required because the tools and equipment
required for the similar jobs will be the same or similar. The software makes use of different
heuristics based on what the floor manager requires. For example, there are heuristics that
minimize the total makespan of the assembly line, while others sort jobs based on shortest or
longest processing time. Sorting jobs based on longest processing time might not result in the
shortest possible total makespan, but the advantage to such a heuristic is that more difficult jobs
could be scheduled earlier in the day when the workers are more productive, and the jobs that
typically take less time or are easier can be pushed to the end of the day when workers do not
work as productively.
Lekin was used in this project to create a schedule for only the jobs that can be run down the
high volume line. The longest processing time (LPT) heuristic was used as an example of how
Lekin helped schedule the most tasking jobs early in the day and the easier jobs later in the day.
There are limitations with the software, one in particular that caused trouble was the software can
only schedule up to 50 jobs at a time, where each job was one unit from a specific model. The
reason this was a problem was because the future state Stone line will be running approximately
160 units per day. To resolve this issue, the station cycle times were multiplied by the number of
units planned to be run and rounded to the nearest minute. So for example, if 40 units of the AB1606 model needed to be run, instead of using 2 minutes for the cycle time per unit, 80 minutes
was used, which was the total time required for a specific station to complete 40 units of the AB1606. The results from Lekin were useful to produce a schedule, however the makespan metric
was misleading. Running the jobs shown in Table 10 should take approximately one work day to
finish, or approximately 420 minutes. The makespan for such a workday, however, would be
over 1055 minutes. This is because makespan is the summation of all the individual processing
times, and does not account for the fact that when these operations are running downstream from
each other, only the slowest station effects the total processing time. The schedule produced from
Lekin, shown in Figure 13 was used in the Arena simulation model to determine whether or not
the future state would be able to produce the projected number of units in a regular work day.
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Table 10. Units using Lekin Scheduling

Model Number

Product
Family

Sub Product
Family

Processing
Time
(minutes/lot)

Quantity

Due Date

A C -1 0 T C

A u to h o is t

1.3

304

20

0 3 -2 5 -1 3

A B -1 6 0 6

A u to h o is t

1.5

667

40

0 4 -2 4 -1 3

A C - 10 A H

A u to h o is t

1.2

171

12

0 4 -2 6 -1 3

A B -1 2 7 0

A u to h o is t

1

865

48

0 4 -2 9 -1 3

A B -1 3 9 1

A u to h o is t

1.2

115

8

0 4 -3 0 -1 3

A B -1 4 3 7

A u to h o is t

1.2

227

16

0 4 -3 0 -1 3

A B - 1 5 6 3 -A

A u to h o is t

1.3

304

20

0 5 -0 1 -1 3

Mch/Job

Setup

S ta rt

S to p

P r .tm

A B-12 70-01

0

119

119

A B - 1606-01

119

200

81

A C -io rc -o i

200

235

35
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235
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35

270

298

28

AC-10AII-01
VB-1391 -01

298

319

21

319

333

14

E n d llea d A sse m b ly .0 1

Figure 13. Production Schedule from Lekin
Arena Software

The results from the pilot tests showed that the work content at each station could achieve a 3
minute cycle time, however the pilot tests were conducted using orders of 10 or 20 units and
typically only lasted a few hours. To better understand how many units the system could produce
in an 8 hour work day, an Arena process simulation model was created. The model simulates the
future state Stone line and has the appropriate number of operators and stations depending on the
product family. For example, it was determined that the Dump Trailer product family needs an
extra test stand because the average cycle time for that station took between 5 and 6 minutes. The
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model reflects this by having a second operator at the test station to help keep the flow of the line
closer to 3 minutes. The same logic was applied to other stations that required the use of the
flexible operator to keep the cycle times balanced. Figure 14 shows the simulation logic for the
Autohoist product family. Once the model was built and validated, it was used to test the
throughput of the system for an 8 hour work day. The model was run for 7.5 hours with a warm
up period of 21 minutes. The warm-up period is to simulate the line being wet when the
operators start their day, meaning there will already be work waiting for them when the shift
starts. Using a warm-up period in the simulation makes the statistics only begin being recorded
after the line becomes wet. The model was run for one day with the optimum schedule found
from the Lekin software. The simulation was run with 7 distinct models from 4 out of the 6
Autohoist sub product families, with the total number of units equal to 164. This was slightly
more than what was predicted could be built in a typical work day; however the results showed
how many units could be completed in an 8 hour day. 10 replications were run and on average
the model showed that the future state Stone line could produce 154 units, which resulted in 10
units of WIP spread across the stations to be completed first thing the next day. Figure 15 shows
the output of the utilizations from the simulation model. The utilizations were not balanced, and
this was because the work content for the stations was never balanced to 100% efficiency. An
example of this was the test station for Autohoist units, which on average took between 1-2
minutes, while all other stations took 2-4 minutes. The results from the simulation model
validated the concept that this line could run for a full day and meet the demand of the customer
without requiring any overtime or additional operators.
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Figure 14: Arena Process Simulation Model Logic for the Autohoist Product Family

13.Future State
The objective of this project is to convert the current Stone line into a new high volume mixed
model linear assembly line. Figure 16 below shows the image of the future line proposed to SPX.
The new line has 6 distinct work stations that are connected via an automated conveyor belt.
There are two test stands at the Test work station, both are capable of running AC/DC models.
Each station will be staffed with 1-2 operators, depending on the requirements dictated by the
product families. This is different from the current operations, where the number of operators in
a cell is dictated by the demand of the week. In the fiiture state, the line will only run efficiently
if all stations are staffed with at least one operator. Staffing the future state line in this way will
result in the same number of operators utilized in the current state, however it will eliminate the
need of having operators work overtime hours. The time studies from the pilot tests, in
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conjunction with the results from the simulation model, show that each station will be able to
maintain a 3 minute cycle time. High level work instructions will be displayed at each station to
help operators know what specific tasks need to be performed. The work instructions are in the
form a Microsoft PowerPoint presentation, and the operators are able to switch backwards and
forwards in the slides using a foot pedal. This foot pedal will allow the operators to use their
unutilized feet, as well as keep their hands working. Another convenient feature with the foot
pedals is the ability to switch between two files on the computer while keeping hands free. The
reason this is important is because there are slight variations in the orientation of parts within the
same product families that can only be seen on the blueprint. Additionally, the test stand needs to
be able to read the engineers specifications for such metrics as pressure, voltage, and current, and
the only way to have that specific information easily available is by utilizing the blueprint.

Figure 15: Operator Utilization from the Arena Model
The future state Stone line will be able to produce approximately 160 units in an 8 hour work
day, which will match the current demand levels. If the demand should increase, this new line
gives SPX the flexibility to have multiple options to accommodate for this increase. The first
solution would be to run a second shift. Running a second shift would allow the line to continue
running without the need of overtime hours for the Stone operators. If the demand increase is so
large that a second shift cannot accommodate, the future state low-volume line could be staffed
with more operators to effectively duplicate the high volume line’s capacity. If even that is not
enough, a duplicate high volume line could be created and run in parallel with the first high
volume line. The most important aspect to not overlook is the staffing. No matter how many
shifts are scheduled, or how many lines created the design will only work if there is 1 operator at
each station.
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Figure 16: Proposed Future State Stone Assembly Line
On the opposite end of the spectrum, should demand decrease for Stone line, a solution would be
to run the line for a shorter shift time. If this scenario should occur, it is important to note that the
Stone operators would not be sent home, but rather sent to other areas of the factory that need
additional operators. Again, it is important to note that the line’s design mandates at least 1
operator at each station. If demand decreases, decreasing number of operators on the Stone line
may save some money in employee wages, but the inefficiencies that will result in the line will
significantly affect the line’s throughput capacity, even if the line is run for a full 8 hour day.
14. C o st A nalysis
Building new high volume Stone assembly line has certain costs and benefits associated with it.
With regards to savings, the 5 U-shaped work cells take up 3,934 ft and there is an opportunity
cost of $6 per ft2 year. The two future state Stone lines combined only occupy 1,946 ft2, which
results in a savings of $11,928. The second savings from implanting the future state line is the
reduction of overtime hours for the Stone operators. In order to meet the 2012 demand, Stone
operators worked 1,665 hours of overtime. The new line will be able to match the current
throughput and eliminate the need of overtime hours. The cost of having operators work an
overtime hour is $37. Eliminating such overtime results in an annual savings of $61,771. This is
a substantial savings and it is one that SPX will continue to see every year overtime is
eliminated.
There are costs associated with developing this new line. The two most significant materials
costs associated with the new line are the work benches and the test stands. Updating the current
test stands to allow the flexibility to run both types of units down the same line is a very
significant cost, both in materials and in labor. The combined cost of materials for the benches,
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new tools, and test stands is roughly $40,000. The cost associated with moving the tools over
from the current state and the labor involved in building the new line is approximately $8,000.
The total cost was budgeted with management for $48,400. This will result in a first year savings
of $25,299. Additionally, every year the line runs with no overtime SPX will see a savings in the
labor costs.

15. Resources needed
Advising / Guidance:
•
•
•
•

Dr. Damodaran: Head of the Industrial and Systems Engineering Department at NIU
Matt Lemanski: Manufacturing Engineering at SPX
Mark Bevan: Manufacturing Engineer at SPX
Chris Osterholz: Continuous Improvement Manager at SPX

Textbooks:
•

Groover, M.P. (2001). Automation, Production Systems, and Computer-Integrated
Manufacturing Upper Saddle River: Prentice Hall.

Software:
•

v
•
•
•
•

Microsoft Office
o Word
o Excel
o PowerPoint
o Visio
o Access
Minitab
Windows Movie Maker
Lekin Production Scheduling
Arena Process Simulation

Prior Coursework:
•
•
•
•

ISYE450- Lean Manufacturing Systems
ISYE310- Work Measurement and Work Design
ISYE439- Six Sigma Performance Excellence and Modem Problem Solving
ISYE460- Facilities Planning and Design
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